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Time-dependent features of rocks and rock masses, particularly soft rocks, may emerge in most tunnels, mines and underground constructions
under different deviatoric stress levels. To account for the creep deformation of rocks associated with the wide range of stress levels,
modiﬁcations are made to a visco-plastic model which was initially developed for large stresses in squeezing conditions. Firstly, the concept of
plastic hardening behavior is adopted for both instantaneous and visco-plastic deformations of rocks to estimate the induced plastic deformation
even at relatively low deviatoric stress levels. Secondly, the visco-plastic dashpot element is described as a function of the stress level to
determine the secondary stage of creep during the unloading and reloading phases which are crucial in tunneling and underground.
The governing equations of the proposed model are implemented in numerical ﬁnite difference code (FLAC), using its built-in FISH language
for constitutive models and then applied to a series of laboratory creep tests presented in the literature. The presented discussion compares the
numerical results relating to the modiﬁed model with the data on time-dependent deformation developed in rock specimens.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The time-dependent deformation behavior of rock masses has a
signiﬁcant impact on the stability of rock slopes and underground
structures (Tsai, 2007). This deformation might begin few minutes
after excavation and continue for up to several years. Thus, the
identiﬁcation and modeling of time-dependent behavior of rocks
and rock masses is of great importance in rock engineering. A basic
task in the mechanical description of the time-dependent deforma-
tion of a certain material is to deﬁne deformation as a function of
time, stress and temperature (Tomanovic, 2006). Since the change0.1016/j.sandf.2015.10.003
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der responsibility of The Japanese Geotechnical Society.in temperature for fundamental needs in building most rock
structures, especially tunnels and underground openings, is limited,
the effect of temperature in rock mechanics is often neglected.
Various kinds of constitutive equations have been developed
on the behavior of geomaterials, following different assumptions
and principles. Elastic or reversible deformation is one of the
assumptions considered in classic models. The classic visco-
elastic models can be represented by a series of springs and
dashpots connected in parallel and/or in series. The constitutive
laws in these types of elastic models simply try to relate the
current strain rate to the current stress rate in order to deﬁne creep
deformation in rocks through analytical formulations. Many
researchers have used these models to determine tunnel face
convergence (Sakurai, 1978; Zhifa et al., 2001; Kontogianni
et al., 2006, Dai, 2004; Fahimifar et al., 2010). To enhanceElsevier B.V. All rights reserved.
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proposed, including a visco-elastic and an elasto-plastic compo-
nent to simulate time-dependent and time-independent behaviors
of rocks, respectively (Swift et al., 2001; Guan et al., 2008).
Experimental results of creep tests have shown that creep
deformation of rock materials is not completely reversible. In
fact, irreversible deformation is observed even at low stress
levels (Cristescu and Hunsche, 1998). In contrast to the visco-
elastic models, assuming fully irreversible strains for the
primary, secondary and tertiary stages of creep curve, some
researchers proposed visco-plastic models to evaluate long term
stability of rocks, mainly rock salts, in underground excavations
(Malan, 1999; Wallner et al., 1983; Liao et al., 2004; Erichsen
and Werﬂing, 2003). Furthermore, researchers have used
experimental approaches to evaluate visco-plastic behavior of
rocks on the basis of creep tests performed on rock samples
(Cristescu and Hunsche, 1998; Li and Xia, 2000; Lajtai, 1991;
Jin and Cristescu, 1998; Maranini and Yamaguchi, 2001;
Munteanu and Cristescu, 2001; Tsai, 2007). The functions
deﬁned in this category of mathematical models, such as failure
surface and visco-plastic potential function are entirely extracted
from the available experimental data, by ﬁnding evolution of
irreversible stress work. However, the weakness of fully visco-
plastic models has been demonstrated by experimental creep
tests, including unloading and reloading tests during which
reversible creep deformation of rocks occurs (Tomanovic, 2006;
Hoxha et al., 2005; Shao et al., 2003).
Considering both the elastic and plastic time-dependent
features of rocks, a number of rheological models have been
introduced along with the fully elastic or plastic models.
Tomanovic (2006) developed a new visco-elastoplastic model
to deﬁne the creep behavior of marl samples after unloading
and reloading. Sterpi and Gioda (2009) also proposed a
rheological model composed of a visco-elastic Kelvin–Voigt
unit and a visco-plastic unit, connected in series. The equations
of this model were worked out by considering the squeezing
condition, which may develop in deep tunnels, and written for
the biaxial state of stress. As the model was applied to a series
of laboratory tests for stress levels below the plastic threshold,
the model simulated creep deformation as the primary elastic
with a horizontal asymptote. For a stress level above the
threshold, secondary creep occurred followed by tertiary creep,
which are both plastic deformations.Fig. 1. Rheological model proposed by Sterpi with associated parameters (a) and v
plastic strains (b).Generally, the purpose of visco-elastoplasic models is to
develop an exact description of time-dependent deformation
not only after loading, but also after total or partial unloading
and reloading which are particularly signiﬁcant for stress
conditions in rock masses surrounding tunnels. The rock mass
around tunnel is in unloading path during excavation, and
experiences reloading path when it is supported by a lining.
Regarding this fact, this paper represents a constitutive model
to simulate the creep behavior of soft rocks under different
stress levels at the loading, unloading and reloading phases.
For this purpose, the elasto-viscoplastic model proposed by
Sterpi is modiﬁed. The modiﬁcations are made to enhance
modeling of secondary creep at low stress level and to
calculate unloading and reloading creep deformations. A
non-linear elasto-plastic model is also proposed for short term,
time-independent deformations.
The governing equations of the models are worked out and
implemented in numerical ﬁnite difference code (FLAC) using
the built-in FISH language for constitutive models. For
veriﬁcation purposes, these models, the models were applied
to a series of experimental data found in the literature which
describe the creep deformations in two phases of loading and
unloading. A comparison between the predictions provided by
the models and the experimental data is also provided.
2. Model description
2.1. Elasto visco-plastic model
The deviatoric behavior proposed by Sterpi and Gioda
(2009), as schematically illustrated in Fig. 1, consists of a
visco-elastic Kelvin–Voigt and a visco-plastic softening unit
connected in series. Kelvin–Voigt unit is characterized by
shear modulus Gel for instantaneous deformation, and visco-
elastic parameters including shear modulus Gve and viscosity
coefﬁcient ηve. The visco-plastic unit is characterized by
Mohr–Coulomb parameters and a viscosity coefﬁcient ηvp.
Also Sterpi and Gioda assumed that volumetric response of a
rock is time-independent and is described by a bulk modulus
Bel of the elastic spring and also plastic slider.
Assuming an isotropic material, the constitutive model
presents a threshold to separate the elastic deformation from
the plastic creep one. For stress levels below this threshold,ariation of visco-plastic parameters with the 2nd invariant of deviatoric visco-
A. Fahimifar et al. / Soils and Foundations 55 (2015) 1364–13711366creep deformation is fully reversible and transient while for
stress levels above the threshold, plastic creep deformation
occurs as secondary creep with constant strain rate. For a
constant stress level above the threshold, secondary plastic strain
has a constant rate as long as the parameters associated with
plastic limit or viscosity coefﬁcient ηvp remain unchanged.
For this constitutive model, as illustrated in Fig. 1, the
mechanical parameters associated with plastic limit decrease to
their residual values when the stress level exceeds the thresh-
old. Thus, the creep curve rises to its secondary rate, resulting
in tertiary creep. The strain–time curves associated with the
stress levels below and above plastic limits are illustrated in
Fig. 2.
This model is capable of predicting creep behavior of rocks,
especially at high stress levels when squeezing condition
occurs (Sterpi and Gioda, 2009). It also predicts the creep
strains of schist samples which have a primary transient creep
curve under low stress levels and secondary, followed by
tertiary creep curves above the deﬁned visco-plastic limit (for
more details about the model and its application see Sterpi and
Gioda, 2009).
In contrast to schist samples and rock masses at squeezing
condition, which are assumed to have primary transient creep
strains at low stress levels, some rock samples reveal second-
ary creep deformations at low stress levels. Moreover, under
stress levels above the visco-plastic limit, tertiary creep does
not necessarily occur (Cristescu and Hunsche, 1998;
Tomanovic, 2006; Zhou et al., 2008; Barla et al., 2010). Thus,
modiﬁcations are needed to overcome its weaknesses in
predicting secondary creep at low stress levels.2.2. Elasto-plastic visco-plastic hardening model
Hardening creep behavior is observed in most rocks and
geomaterials, particularly in soils and soft rocks and have been
investigated by a number of researchers (Critescu, 1998;
Wallner et al., 1983; Shao et al., 2003; Hoxha et al., 2005).Fig. 2. Schematically creep strains associated with Sterpi model under
constant deviatoric stress in loading and unloading phases: (a) primary elastic
creep, (b) secondary and tertiary plastic creep.Generally, hardening models give an initial envelope which
hardens after the onset of plastic yield, resulting in plastic
strain even at low stress levels. The hardening behavior of the
envelope is usually governed by the hardening of its associated
parameters. Here, a Mohr–Coulomb plastic envelope is used
for both instantaneous and creep irreversible deformations. An
elasto-plastic visco-plastic hardening model is obtained by
using a hardening slider along with a Sterpi model and visco-
plastic unit.
The proposed model is characterized by an elasto-plastic
behavior for instantaneous deformations, and elasto-
viscoplastic deviatoric behavior for delayed deformations.
Total deformation is the sum of these two types of deforma-
tions, and is given by Eq. (1).
εTij ¼ εIijþεCij ð1Þ
In Eq. (1), the superscripts T, I and C denote the total,
instantaneous and creep deformations of rock, respectively.2.2.1. Instantaneous behavior
Experimental data on rock samples show nonlinear elasto-
plastic behavior for short term responses (Shao et al., 2003;
Tomanovic, 2012; Nicolae, 1999; Purwodihardjo and Cambou,
2005). In nonlinear models, the elastic response depends on
factors such as the conﬁning pressure, loading rate and
temperature, while plastic deformation refers to micro cracking
(Hunsche and Hampel, 1999). Thus, simulating these beha-
viors, which reveal themselves in sample loading and in
tunnels and underground spaces, is of paramount importance.
A non-linear elasto-plastic constitutive model for the short
term behavior of rocks is proposed here, as illustrated in Fig. 3.
The elastic response is assumed to be dependent on conﬁning
pressure, through a hyperbolic formulation proposed by
Duncan and Chang (1970) which is presented in Eq. (2).
E¼ KPa
s3
Pa
 n
ð2Þ
In Eq. (2), the elastic modulus E depends on conﬁning
pressure s3. Pa is atmospheric pressure and equals to 0.1 MPa
and is used for normalization. K and n are two constant
parameters which can be obtained from triaxial tests. Poisson's
ratio, υ, is assumed to be constant in the elastic domain and is
used to calculate shear and bulk modules according to the
elastic modulus by the following:
GM ¼ E
2 1þυð Þ ;B
M ¼ E
3 12υð Þ ð3ÞFig. 3. Schematically illustration of time-independent non-linear hardening
behavior of proposed model.
Table 1
Parameters associated with elasto-plastic instantaneous hardening unit.
Parameter K n υ C (Pa) φ (1) ψ (1) εf
Value 1290 0.14 0.3 1.5e6 40 4 0.14
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Fig. 4. Stress–strain diagram of triaxial test on cylindrical marl samples (h/
d¼10.8/5.4 cm) in comparison with numerical results (solid lines).
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_εeij ¼
1
3
_sm
BM
δijþ
_sij
2GM
ð4Þ
where sm is mean stress and Sij is a component of deviatoric
stress tensor. δij is Kronecker's delta which is equal to 1 in a
condition of i¼ j, otherwise it is equal to zero.
On the other hand, for irreversible deformation, the Mohr–
Coulomb model deﬁned by yield criterion fs and a non-
associated plastic potential Q, is used. The yield criterion
and plastic potential functions are generally expressed as:
f s ¼ s1s3
1þ sin φm
1 sin φm
þ2C
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ sin φm
1 sin φm
s
ð5Þ
Q¼ s1s3
1þ sin ψ
1 sin ψ ð6Þ
where s1 and s3 are the major and minor principal stresses,
and s1os2os3 for an assumption of negative compressive
stresses, and C, φm and ψ are cohesion, mobilized internal
friction angle and dilation angle, respectively. The hardening
feature of plastic criterion is described by the frictional
hardening formulation presented by Vermeer and de Borst
(1984):
sin φm ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
εp:εf
p
εpþεf U sin φ ð7Þ
where εf is plastic strain at failure and εp is current plastic
strain which is sum of plastic strain principals:
εp ¼ εp1þεp2þεp3 ð8Þ
In Eq. (7), φm is the mobilized friction angle which
gradually increases with plastic strain to reach the limit friction
angle φ at plastic strain, equals εf. Using parameters C and φm
in Eq. (6) and for the condition of failure (fs¼0), the amount of
plastic strain rate can be calculated through ﬂow rule:
_εpij ¼ _λ
∂Q sij
 
∂sij
ð9Þ
where Q (s) is the plastic potential function described in Eq.
(6) and _λ is a plastic multiplayer that is calculated stepwise
during the analysis (Itasca Consulting Group, 2004).
This model is implemented in the numerical ﬁnite difference
code FLAC, using its built-in FISH language for constitutive
model and then is applied to a series of tiaxial tests on marl
samples presented by Tomanovic (2012). Cohesion and the
internal friction angle were derived from the triaxial tests using
deviatoric and conﬁning pressures at failure. The parameters
associated with this model are presented in Table 1. (The
procedure of calculating Duncan and Chang parameters is
described in detail in Appendix A)
The results of this analysis are presented in Fig. 4 for three
conﬁning pressures and a uniaxial test. To calculate the elastic
modulus for a uniaxial test in numerical modeling, the
conﬁning pressure in Eq. (2) is set to atmospheric pressure
(0.1 MPa), resulting an elastic modulus equal to 129 MPa. Asis observed, the experimental data and analytical results show a
high consistency.
2.2.2. Time-dependent behavior
The concept of hardening behavior is also utilized in
constitutive creep model to account for the delayed plastic
deformation developed in rocks, not only at high stress levels
but also at low stress levels below the yield point of materials.
Thus, the rheological model proposed by Sterpi and Gioda
(2009) is modiﬁed in the plastic element. However, the
constitutive model for instantaneous deformation is replaced
by the one described in previous section.
The deviatoric creep behavior of the proposed model is
schematically illustrated in Fig. 5, where the visco-elastic
Kelvin unit is characterized by Kelvin shear modulus Gk and
Kelvin viscosity ηk, and the visco-plastic hardening unit is
identiﬁed with its viscosity ηvp and Mohr–Coulomb hardening
slider. As a result, the relationship between deviatoric strain
rates can be formulated as Eq. (10), where eij is the deviatoric
component derived from the strain tensor. Superscript K refers
to the Kelvin components and the superposed dot denotes the
ime derivative. Eqs. (11) and (12) represent the constitutive
laws of the deviatoric behavior of the Kelvin and viscoplastic
units, respectively. Sij is the deviatoric component of the
stresses derived from stress tensor.
In Eq. (12), Q (s) is the plastic potential function described
in Eq. (6). _λ is a plastic multiplier rate which will be calculated
later.
_eCij ¼ _eKij þ _evpij ð10Þ
Sij ¼ 2ηK _eKij þ2GKeKij ð11Þ
Fig. 5. Schematically illustration of deviatoric behavior of the rheological
hardening model.
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∂Q sij '
 
∂sij '
 _ε
vp
kk
3
δij ð12Þ
With:
_εvpkk ¼ _λ ∂Q∂s011 þ
∂Q
∂s022
þ ∂Q
∂s033
h i
In Eq. (12), _evpij and _ε
vp
kk are the deviatoric and volumetric
plastic strain rates. s0ij is the total stress carried by the slider.
The viscous element is described by the constitutive relation
given in Eq. (13), where _evpdij , is the deviatoric strain rate
contributed in the visco-plastic unit, Svpdij is the portion of
deviatoric stress carried by viscous element, and ηvp is
viscosity of this element.
_evpdij ¼
Svpdij
2ηvp
ð13Þ
In Eq. (13), the visco-plastic parameter, ηvp, is not constant
and weakens according to the state of stress as Eq. (14). Such
behavior was also studied by Purwodihardjo and Cambou
(2005).
ηvp ¼
η0; RoRthr
η0 1ω:Rð Þ; RZRthr
(
ð14Þ
where ηvp is the viscosity used in the model, η0 is viscosity for
the stress levels below the visco-plastic threshold (Rthr). The
parameter R is the stress coefﬁcient and indicates the distance
from the current stress level to the Mohr Coulomb failure
envelope and is calculated through Eq. (15). ω is a scale
coefﬁcient.
R¼ 2C:cosφþ2s3sinφ
1sinφ ð15Þ
To calculate the strain of the visco-plastic unit, the stresses
contributing to the visco-plastic slider, the visco-plastic dash-
pot element and the value of _λ must be obtained. These
unknown values can be calculated by three equations corre-
sponding to the visco-plastic unit; the equations of deviatoric
strain rates, stress equilibrium and failure criterion.
The deviatoric strain rates of visco-plastic slider and visco-
plastic dashpot are equal because of their parallel connection.
This means that the deviatoric strain rate of the visco-plasticdashpot (_evpdij ), which is calculated by Eq. (13), is equal to the
deviatoric strain rate of the slider (_evpij ), calculated by Eq. (12).
Thus, considering the principle of equating the deviatoric
strain rates of two parallel elements, the following holds true:
_evpdij ¼ _evpij ð16Þ
Inserting Eqs. (12) and (13) into Eq. (16), the following
equation is obtained:
_λ
∂Q
∂s0ij
 _ε
vp
ij
3
δij ¼
Svpdij
2ηvp
ð17Þ
On the other hand, the stress equilibrium for the visco-
plastic unit can be written as:
sij ¼ sij 'þSvpdij ð18Þ
In Eq. (18), sij is the total stress, sij ' is the stress carried by
the visco-plastic slider, including the entire hydrostatic stress
and a portion of total deviatoric stress. Svpdij . is the portion of
deviatoric stress carried by visco-plastic dashpot element. By
computing Svpdij in Eq. (18) and substituting it in Eq. (17), the
stress components carried by the slider are obtained:
s
0
1 ¼ s12ηvp _λ
2
3
þ N ψð Þ
3
 
s
0
2 ¼ s22ηvp _λ
N ψð Þ
3
 1
3
 
s
0
3 ¼ s32ηvp _λ
1
3
þ 2N ψð Þ
3
 
ð19Þ
where
N ψð Þ ¼ 1þ sin ψ
1 sin ψ
The slider stresses calculated through Eq. (19) fulﬁll the
plastic limit conditions to produce plastic strain. By substitut-
ing them in Eq. (5) and solving them for fs¼0, the unknown
parameter _λ is obtained as:
_λ¼ s1 1 sin φm
 s3 1 sin φm þ2C cos φm
2ηvp 1þN ψð Þþ N ψð Þ3 sin φm sin φm3
  ð20Þ
In Eq. (20), parameter φm is the mobilized friction angle
calculated through Eq. (7). Calculating _λ, the components of
visco-plastic strain rate can also be computed using the ﬂow
rule:
_εvp1 ¼ _λ_εvp2 ¼ _λU0¼ 0_εvp3 ¼ _λ N ψð Þð Þ ð21Þ
The principal strains computed in Eq. (21) consist of plastic
volumetric and deviatoric strains. Since volumetric strains are
assumed to be time-independent, only deviatoric components
have to be derived and taken into account in creep constitutive
equations. These components of plastic strains for creep
deformations are calculated as below:
_evp1 ¼ _λ
2
3
þ N ψð Þ
3
 
_evp2 ¼ _λ
N ψð Þ
3
 1
3
 
_evp3 ¼ _λ
1
3
þ 2N ψð Þ
3
 
ð22Þ
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(Tomanovic, 2006), numerical results (solid lines).
Table 2
Magnitudes of parameter used in visco-plastic hardening model for creep
analysis.
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presented in Eq. (22) produce creep strain with a decreasing
rate until a constant value is reached. This hardening behavior
relies on the increasing value of the friction angle φm
according to Eq. 7. Thus, a comparatively low stress level
can reach the initial visco-plastic threshold and yields irrever-
sible strains. The friction angle is mobilized while plastic strain
increases and reaches a maximum value at which the model
behaves in a similar way to an ordinary non-hardening
constitutive model.
Visco-plastic deviatoric strain and visco-elastic Kelvin strain
are added to the non-linear elasto-plastic model for an
instantaneous response, resulting in a rheological hardening
model, as illustrated in Fig. 6.
The veriﬁcation of the proposed model was conducted
through a comparative discussion between the calculated
deformation by use of proposed model, and experimental
results attained from laboratory tests presented in the literature.
For this purpose, the results of a uniaxial creep test performed
on marl samples, which were examined for their instantaneous
deformations in the previous section, were used. The uniaxial
creep tests were performed in two groups; each group included
three samples with dimensions of 15 15 45 cm3, and
uniaxial strength of about 8.8 MPa. The ﬁrst group was loaded
up to 2.0 MPa in one hour, and kept under constant stress for
180 days, then unloaded from 2.0 MPa to zero. The current
stress state was maintained for 30 days, and then reloaded up
to 4.0 MPa. Meanwhile, the second group was loaded up to
4.0 MPa, unloaded to 2.0 MPa and then reloaded up to
6.0 MPa (Tomanovic, 2006).
The parameters associated with instantaneous elasto-plastic
model are those presented in the previous section to draw Fig. 4.
The Kelvin parameters can be obtained through a graphical
method presented by Goodman (1989), considering the primary
stage of the creep curve of a sample under a loading stress equal
to 2 MPa (Fig. 7). The parameters of the visco-plastic unit, on the
other hand, can be obtained through the following steps.
The mobilized friction angle is obtained in a way similar to
that described in the previous section for short term responses.
However, the cohesion factor is reduced to a lower value, by
considering the assumption deﬁned by Sterpi and Gioda (2009)
about the differences between instantaneous Mohr Coulomb
envelope and creep plastic threshold (Rthr). Assuming the
stress threshold is equal to 2 MPa for creep deformations
compared to a uniaxial strength of about 8.8 MPa, theFig. 6. Non-linear elastoplastic viscoplastic model with hardening behavior in
both instantaneous and delayed deformations.reduction factor will be equal to 0.23. This factor is also used
in Eq. (14) to activate the viscosity reduction phenomenon.
The parameters used for the creep analysis are presented in
Table 2. The elastic modulus, which corresponds to the
uniaxial condition in Fig. 4, is equal to 129 MPa and is used
to calculate GM and BM for instantaneous deformation.
Slider elements in this model work independently and
harden according to their own plastic strains. In other words,
plastic strains produced by the non-linear hardening slider
element in Fig. 6 cause development of the friction angle and
are considered as time-independent strains. Simultaneously,
only the plastic strain according to visco-plastic unit is taken
into account to harden the visco-plastic slider.
Fig. 7 includes the experimental data of the loading phase
and the numerical results of the proposed model. According to
the ﬁrst group of samples tested by Tomanovic (2006), the
stress path is numerically simulated to obtain a creep curve for
2 MPa, while for 4 MPa and 6 MPa, the second group is taken
into account. In both instantaneous and delayed deformations,
experimental data and the results of proposed model are
consistent. It can be seen in Fig. 7 that strain rate of the
proposed model increases considerably when compared to the
increase in the axial stress level. This effect can be attributed to
development of plastic domain in rock specimens under higherParameter Value
E (MPa) 129
Cvp (MPa) 0.35
C (MPa) 1.5
φvp and φ (1) 40
ψvp and ψ (1) 4
εf 0.14
ηK (MPa day) 232
GK (MPa) 70
η0 (MPa day) 1736
ω 0.45
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Fig. 8. Uniaxial creep tests under 2 and 4 MPa; model proposed by Sterpi
(dashed lines), hardening model proposed in this paper (solid lines).
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In addition, creep plastic strains are developed for specimens
under a low stress level of 2 MPa, which indicates that the
application of hardening behavior can compensate for weak-
nesses in the visco-plastic models in predicting plastic defor-
mations at low stress level. This effect can be better seen in
Fig. 8, which also presents numerical results obtained from the
visco-plastic model proposed by Sterpi and Gioda.
According to Fig. 8, although Sterpi model predicts the
primary stage accurately, it shows an underestimation in
secondary creep strains at low stress levels compared to
modiﬁed hardening model. This difference is referred to
ﬁctional hardening behavior developing from very low stress
levels, and is mobilized while visco-plastic strain is develop-
ing. At semi high stress levels (more than 50% of uniaxial
compression strength), visco-plastic friction angle is totally
mobilized, and that is why for high stress level (6 MPa) both
models have the same results (the results of Sterpi model for
6 MPa is the same as what is predicted by hardening model in
Fig. 7).
In Fig. 9, the unloading creep data for the two stress levels
are illustrated (Tomanovic, 2006). The numerical results for
the hardening model are also provided. A reliable consistency
is observed throughout unloading from 2 MPa to zero and
from 4 MPa to 2 MPa. Reversible creep deformation occurs
after about 7 days, which is accurately simulated through the
Kelvin unit. After the seventh day of unloading, the visco-
plastic unit produced creep strains. That is why after unloading
from 4 MPa to 2 MPa, further creep deformation occurs albeit
with a lower rate compared to the loading phase for 2 MPa.
Such differences, in the secondary creep strain rate, can be
explained by the hardening phenomenon and development of
the friction angle, which is not reversible during unloading.
3. Summary and conclusions
To develop a time-dependent rheological model which can
accurately predict the creep deformation of rocks, modiﬁca-
tions were made to the elasto-visco-plastic model presented by
Sterpi and Gioda (2009). A visco-plastic hardening model was
developed by adopting a frictional hardening behavior ofvisco-plastic slider element. Moreover, a non-linear elasto-
plastic hardening model was proposed for the short term
responses of rock specimens.
The governing equations of the constitutive models were
implemented in numerical ﬁnite difference code FLAC, using
its built-in FISH language for constitutive models. The models
were then veriﬁed according to the intact rock behavior of marl
samples presented in the literature.
A comparative analysis between the visco-plastic hardening
model and laboratory data measured in creep tests on marl
samples indicates that this model can well predict the delayed
deformation of samples under different stress levels. In other
words, the hardening feature which is added to the model
proposed by Sterpi and Gioda results in the visco-plastic
deformation at low stress level. As a result, this model can be
applied to rock and rock masses not only at high stress levels
and squeezing conditions but also at low stress levels below
70% of the uniaxial strength of rocks.
It should also be recognized that the nonlinear elasto-plastic
hardening model presents an appropriate prediction of the
instantaneous elastic and plastic deformations of rock samples
under triaxial and uniaxial loading conditions.Appendix A
Parameters k and n are extracted from the triaxial test results
presented in Fig. 4, based on the Duncan and Chang hyper-
bolic model as Eq. (A1):
s1s3 ¼
ε
1
Ei
þ εs1s3ð Þult
ðA1Þ
where, ε is axial strain, Ei is initial tangent modulus,
s1s3ð Þult is the ultimate stress difference, and s1 and s3
are the major and minor principal stresses, respectively. The
above equation is rewritten in a linear form as Eq. (A2).
ε
s1s3
¼ 1
Ei
þ ε
s1s3ð Þult
ðA2Þ
Experimental data for four conﬁning pressures (s3) are used
in plotting ε=s1s3 against ε (Fig. A1). The slope and
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Fig. A1. Determination of Ei from triaxial rest results.
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Fig. A2. Determination of model parameter K and n.
A. Fahimifar et al. / Soils and Foundations 55 (2015) 1364–1371 1371intercept of each line gives 1= s1s3ð Þult and 1=Ei , respec-
tively. Thus Ei is the reciprocal of the intercept.
Eq. (2) can also be rewritten in a linear form of Eq. (A3)
log
Ei
Pa
 
¼ log Kð Þþ n log s3
Pa
 
ðA3Þ
By plotting Ei=Pa against s3=Pa, a line is obtained in which
log(K) and n are its intercept and slope, respectively. Therefore, n
emerges as 0.14 and K is obtained as approximately 1290.
See Appendix Fig. A2.
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